Abstract. Previous studies have demonstrated that nicotinamide phosphoribosyltransferase (NAMPT) promoted inflammation and permeability of vascular endothelial cells following cardiopulmonary bypass (CPB). In addition, mitogen-activated protein kinase (MAPK) signaling was activated and contributed to these cell responses. However, the mechanism by which NAMPT regulates cellular inflammation and permeability remains unknown, and whether NAMPT regulates MAPK signaling during this process is also not clear. The present study established an anoxia-reoxygenation (A-R) model using human umbilical vein endothelial cells (HUVECs) and investigated the regulation of MAPK signaling by NAMPT by using small RNA transfection, ELISA and western blot analysis. The results demonstrated that A-R significantly induced the expression levels of NAMPT and cellular permeability-associated proteins, and the release of several inflammatory factors. Furthermore, calcium and MAPK signaling were evidently increased. When the A-R cells were transfected with NAMPT small interfering RNA, the expression of cellular permeability-associated proteins was downregulated, the release of inflammatory factors was decreased, and calcium and MAPK signaling was blocked. These data suggest that NAMPT may activate MAPK signaling to promote A-R-induced inflammation and permeability enhancement of HUVECs. Therefore, the current study indicates that NAMPT may be a potential drug target for A-R-induced endothelial cell injury subsequent to CPB.
Introduction
Cardiopulmonary bypass (CPB) is a necessary procedure during open-heart surgery, and its use in clinical applications has been expanding. However, CPB may induce postoperative pulmonary dysfunction (1, 2) . During CPB, oxygen is supplied to the lung only through the bronchus, thus, ischemia and hypoxia may occur in the lung. Therefore, the lung is often reperfused, resulting in anoxia-reoxygenation (A-R)-induced acute injury (3) . A-R has been reported to induce inflammation and enhance the cellular permeability of pulmonary vascular endothelial cells, which then led to pneumonedema, inducing hyoxemia, acute respiratory distress syndrome and even mortality (4) . Thus, inhibiting inflammation and cellular permeability may improve the prognosis following CPB (5) .
Pre-B-cell colony-enhancing factor was first identified and cloned from peripheral blood lymphocytes in 1994 by Samal et al (6) . Subsequently, this protein was also detected in adipose cells, and named visfatin or nicotinamide phosphoribosyltransferase (NAMPT) (7) . Studies have demonstrated that NAMPT serves important roles in lung injury following CPB (8, 9) . NAMPT is often highly expressed during acute lung injury, and exhibits a close correlation with the levels of inflammatory factors, including tumor necrosis factor-α (TNF-α), interleukin-1β (IL-1β) and . In addition, a previous report has also identified that CPB promoted the release of inflammatory factors and enhanced the cellular permeability of pulmonary vascular endothelial cells, while upregulation of NAMPT contributed to A-R-induced cellular permeability enhancement (9) , suggesting that NAMPT may facilitate CPB-triggered inflammation and the changes in cellular permeability. However, the mechanism through which NAMPT regulates these cell responses remains unclear.
Mitogen-activated protein kinase (MAPK) signaling serves important roles in cell inflammation, apoptosis, proliferation and differentiation (10) . MAPK signaling includes three pathways: Extracellular signal-regulated kinase (ERK), c-Jun N-terminal kinase (JNK) and p38 MAPK pathways.
Furthermore, MAPK signaling is activated by post-translational phosphorylation mediated by various kinases (11, 12) . It has been demonstrated that MAPK signaling was activated in the rat lung tissue following CPB (13) . However, this signaling was blocked following MAPK signaling inhibitor treatment, and simultaneously, the release of inflammatory factors and infiltration were restrained (14) . Therefore, MAPK signaling may participate in CPB-induced lung injury, although whether NAMPT regulates CPB-triggered inflammation and cellular permeability enhancement of lung tissue through MAPK signaling remains unknown.
In the present study, an A-R model was established using human umbilical vein endothelial cells (HUVECs) to investigate the regulation of MAPK signaling by NAMPT during CPB-induced A-R. The present data demonstrated that NAMPT was upregulated by A-R, and subsequently induced the release of inflammatory factors and the expression levels of cellular permeability-associated proteins. Additionally, calcium and MAPK signaling were activated; however, NAMPT knockdown blocked A-R-induced MAPK signaling and the cell responses, including inflammation and cellular permeability enhancement. The present study also indicated that NAMPT may promote A-R-induced inflammation and cellular permeability enhancement through activating MAPK signaling. , and maintained in DMEM supplemented with 10% (v/v) FBS. The A-R model was established as described in a previous study (9) . Briefly, HUVECs in the logarithmic growth phase were arranged into the sterilized hypoxic box. The box was filled with 5% CO 2 and 94% N 2 , and the oxygen concentration decreased to 1% within 30 min. After 20-h hypoxic treatment, the cells were maintained in a normal incubator with 5% CO 2 at 37˚C to establish the A-R model.
Materials and methods

Chemicals
After an additional 9 h, A-R-treated HUVECs were used in subsequent siRNA transfection. For NAMPT knockdown, NAMPT siRNA and negative control siRNA were synthesized by Invitrogen; Thermo Fisher Scientific, Inc. according to the reported sequences: NAMPT siRNA, 5'-CCA CCC AAC ACA AGC AAA GUU UAUU-3'; and negative control siRNA, 5'-UUC UCC GAA CGU GUC ACG UTT-3'. These siRNAs were then transfected into the A-R-treated HUVECs in FBS-free DMEM by using Lipofectamine 2000 following the manufacturer's protocol (Invitrogen; Thermo Fisher Scientific, Inc.). After 6-h transfection, the cells were cultured in DMEM with 10% FBS for an additional 48 h.
Detection of the TNF-α, IL-1β and IL-6 content by ELISA and of the Ca
2+ levels by Fura-2-acetoxymethyl ester (Fura-2-AM). The four treatment groups included the normal control cells (without A-R induction), A-R model cells, A-R cells transfected with negative control siRNA and A-R cells transfected with NAMPT siRNA transfection. Following treatment, the cells were centrifuged at 1,000 x g at 4˚C for 5 min to harvest the supernatant. According to the ELISA kit instructions, the contents of TNF-α, IL-1β and IL-6 in each group were detected based on three independent replicates using a microplate reader (Infinite F50; Tecan Trading AG, Männedorf, Switzerland).
For detection of Ca 2+ levels, the cells were treated with 1 µM Fura-2-AM (Invitrogen; Thermo Fisher Scientific, Inc.) and 2 mM calcium chloride (Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) for 30 min at 37˚C. Subsequently, cells were washed three times with phosphate-buffered saline, and fluorescence was detected at 555 nm using a laser scan confocal microscope (Carl Zeiss LSM 700; Carl Zeiss, Thornwood, NY, USA).
Western blot analysis of protein expression levels. The cells were centrifuged at 1,000 x g at 4˚C for 5 min, and the precipitates were lysed in radioimmunoprecipitation assay buffer (150 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS, 50 mM Tris, pH 8.0, 5.0 mM EDTA, pH 8.0, 0.5 mM dithiothreitol and 1 mM phenylmethylsulfonyl fluoride) containing protease inhibitors for 30 min. The cell lysates were then centrifuged at 12,000 x g at 4˚C for 10 min, and protein concentrations in the supernatants were detected using the BCA kit according to the manufacturer's instructions. Next, the proteins were treated with SDS sample buffer in boiling water for 10 min, then separated using 12.5% SDS-polyacrylamide gel electrophoresis and transferred to a nitrocellulose membrane. The membranes were incubated with blocking buffer (5% bovine serum albumin (Sigma-Aldrich; Merck KGaA), 50 mM Tris, 150 mM NaCl, 0.1% Tween-20) for 1 h at room temperature, and subsequently incubated with the corresponding primary antibodies against MLC, p-MLC, VE-cadherin, p-VE-cadherin, β-catenin, FAK, p-FAK, paxillin, p38 MAPK, p-p38, ERK and p-ERK at a 1:1,000 dilution at 4˚C overnight. After being washed with wash buffer (50 mM Tris, 150 mM NaCl, 0.1% Tween-20) three times for 5 min each time, the membranes were incubated with the HRP-labeled goat anti-rabbit IgG (H+L) secondary antibody at room temperature for 2 h. Following treatment with the ECL regent, the target protein bands were observed by Molecular Image ChemiDoc XRS system (Bio-Rad Laboratories, Inc., Hercules, CA, USA). The protein expression was quantitatively analyzed by Quantity One software (version 4.62; Bio-Rad Laboratories, Inc.).
Statistical analysis. All the data were collected from three independent replicates and analyzed with SPSS version 17.0 software package (SPSS, Inc., Chicago, IL, USA). Statistically significant differences were analyzed by Student's t-test and considered when P<0.05.
Results
NAMPT knockdown by siRNA transfection inhibits A-R-induced release of inflammatory factors in HUVECs.
In the present study, an A-R model was established in HUVECs in order to investigate the mechanisms underlying A-R-induced inflammation. Compared with the normal control, A-R clearly upregulated NAMPT protein expression (Fig. 1A) . Following transfection of the cells with NAMPT siRNA, NAMPT expression was markedly downregulated, even under A-R treatment, as compared with the negative control siRNA transfection group (Fig. 1A) . Next, the contents of three inflammatory factors in the culture medium of HUVECs were detected using ELISA subsequent to NAMPT knockdown. As shown in Fig. 1B-D , TNF-α, IL-1β and IL-6 contents were significantly increased following A-R treatment along with the NAMPT upregulation (P<0.01). However, NAMPT knockdown by siRNA transfection significantly inhibited the A-R-upregulated inflammatory factor contents (P<0.01; Fig. 1B-D) . Therefore, the results suggest that A-R induces inflammation in HUVECs by upregulating NAMPT expression.
NAMPT knockdown blocks A-R-induced expression of cellular permeability-associated proteins and Ca
2+ increase. A previous study has demonstrated that the cellular permeability of endothelial cells is mediated by intercellular adherens and the junction between cell and extracellular matrix (15) . VE-cadherin interacts with β-catenin to form intercellular adherens junctions, and is then connected to actin cytoskeleton to regulate cellular permeability (16) . In addition, FAK interacts with paxillin and vinculin to form cell-extracellular matrix adhesions, and regulates cellular permeability through actin cytoskeleton (16) . Calcium signaling activated MLC kinase (MLCK) to phosphorylate MLC and promote the connection between MLC and actin for the regulation of cell contraction (17) . Therefore, calcium signaling is able to regulate intercellular adherens junctions and cell-extracellular matrix adhesions for cellular permeability changes through adjusting actin. Previous studies observed that NAMPT induced the enhancement of cellular permeability of pulmonary vascular endothelial cell during A-R-induced acute lung injury (18, 19) , and the aforementioned results of the present study suggested that NAMPT was upregulated in HUVECs under A-R treatment. Therefore, the current study attempted to clarify whether NAMPT serves a role in the A-R-induced cellular permeability enhancement of HUVECs.
The calcium-mediated phosphorylation of MLC (p-MLC protein) was first detected to investigate the regulation of actin cytoskeleton by NAMPT under A-R induction. The data revealed that A-R significantly upregulated (P<0.01) the Ca 2+ level and the phosphorylation of MLC compared with the normal control group (Fig. 2) . When NAMPT was depleted by siRNA transfection, the levels of Ca 2+ and p-MLC were significantly downregulated (P<0.01) under A-R treatment. These results suggested that NAMPT may promote A-R-induced actin cytoskeleton contraction by activating the Ca 2+ -MLC pathway. Subsequently, the levels of VE-cadherin phosphorylation (p-VE-cadherin protein) and β-catenin expression were examined to determine whether NAMPT is able to regulate the A-R-induced derangement of intercellular adherens junctions. Compared with the normal control, A-R significantly upregulated the levels of p-VE-cadherin and β-catenin (P<0.01; Fig. 3) . However, the increased expression was significantly blocked subsequent to NAMPT knockdown (P<0.01; Fig. 3 ). The data indicated that NAMPT may regulate intercellular adherens junctions during A-R.
The study also examined the levels of FAK phosphorylation (p-FAK protein) and paxillin expression to determine the effect of cell-extracellular matrix adhesions by NAMPT under A-R treatment. Clearly, the levels of p-FAK and paxillin significantly increased following A-R induction compared with the normal control levels (P<0.01; Fig. 4 ). By contrast, NAMPT knockdown significantly suppressed this A-R-induced upregulation (P<0.01; Fig. 4) . The results suggested that NAMPT may regulate cell-extracellular matrix adhesions during A-R. Collectively, the data indicate that NAMPT may mediate NAMPT regulates intercellular adherens by promoting the phosphorylation of VE-cadherin and expression of β-catenin, analyzed by western blot analysis in the four groups of treated cells. GAPDH was used for internal standardization. Bar graph demonstrates the mean ratios of the abundance of p-VE-cadherin to that of VE-cadherin, or β-catenin relative to GAPDH in each sample. All the values are reported as the mean ± standard deviation based on three independent replicates. Statistically significant differences were calculated with the Student's t-test. ** P<0.01. NAMPT, nicotinamide phosphoribosyltransferase; A-R, anoxia-reoxygenation; siRNA, small interfering RNA; VE, vascular endothelial; p-, phosphorylated. cellular permeability by affecting the intercellular adherens and the junction between cell and extracellular matrix.
NAMPT knockdown restrains A-R-activated MAPK signaling.
It has been demonstrated that MAPK signaling is activated during CPB-triggered acute lung injury, and mediates cellular inflammation and permeability (20) . Thus, the present study tested the phosphorylation of p38 MAPK and ERK to investigate the regulation of MAPK signaling by NAMPT under A-R treatment. Compared with the normal control, p38 and ERK phosphorylation significantly increased following A-R treatment (P<0.01; Fig. 5 ). However, siRNA-mediated NAMPT knockdown significantly decreased the A-R-induced phosphorylation of p38 and ERK (P<0.01; Fig. 5 ). These results suggested that NAMPT positively regulates the A-R-activated MAPK signaling.
Discussion
Previous studies revealed that NAMPT serves as a growth factor and cytokine (18) . In particular, NAMPT has been identified as an inflammatory factor and a potential novel biomarker in acute lung injury (21) . Further research demonstrated that NAMPT was expressed in lung microvascular endothelium (21) . In mice, NAMPT regulated ventilator-induced lung injury through mediating the release of inflammatory factors, including IL-6 and TNF-α (22) . Previous studies have also observed that NAMPT expression was upregulated in pulmonary cells, and that it may contribute to inflammatory factor expression (23) . Therefore, NAMPT is considered to participate in the inflammation during acute lung injury (18) . In the present study, an A-R-induced model was established using HUVECs to investigate how NAMPT regulates inflammation. It was observed that A-R significantly induced the expression of NAMPT and the release of TNF-α, IL-1β and IL-6, suggesting that NAMPT may promote A-R-induced inflammation by facilitating the release of inflammatory factors. Next, NAMPT knockdown was performed via siRNA transfection, and it was demonstrated that the release of these three inflammatory factors was controlled by the high expression of NAMPT. Thus, these results indicated that NAMPT promotes A-R-induced inflammation by facilitating the release of TNF-α, IL-1β and IL-6. Similar results were also observed in a previous study during rat acute lung injury, in which NAMPT was highly expressed, and NAMPT inhibitor decreased TNF-α and IL-1β contents (24) . Notably, inhibition of NAMPT was able to attenuate the pandemic H1N1 2009 virus-induced inflammation in the lung endothelium, for example, by decreasing the expression levels of IL-6, IL-8, and TNF-α (25) . Therefore, NAMPT may be an important upstream factor that regulates inflammation.
Cellular permeability alterations in endothelial cells participate in acute lung injury, while the cellular permeability in these cells has been demonstrated to be mediated by intercellular and cell-extracellular matrix adherens (15) . VE-cadherin interacts with β-catenin to form intercellular adherens junctions, and then targets the actin cytoskeleton to regulate cellular permeability (16) . Furthermore, FAK interacts with paxillin and vinculin to form cell-extracellular matrix adhesions, and subsequently regulates cellular permeability through the actin cytoskeleton (16) . Calcium signaling regulates intercellular adherens junctions and cell-extracellular matrix adhesions for cellular permeability changes through activating MLCK-mediated MLC phosphorylation. Phosphorylated MLC then promotes the connection between MLC and actin to regulate cell contraction (17) . In human pulmonary artery endothelial cells, high expression of NAMPT has been reported to regulate thrombin-induced alterations of cellular permeability by promoting Ca 2+ entry, MLC phosphorylation and actin polymerization (26) . The present study also identified that NAMPT regulated the A-R-induced cellular permeability changes in HUVECs by mediating actin function, including Ca 2+ signaling and MLC phosphorylation. Furthermore, it was demonstrated that NAMPT regulated VE-cadherin phosphorylation and β-catenin expression, suggesting the regulation of intercellular adherens junctions by NAMPT. Meanwhile, NAMPT also mediated cell-extracellular matrix adhesions by regulating FAK phosphorylation and paxillin expression. Hence, NAMPT serves a vital role in the regulation of cellular permeability under A-R conditions. Combined with previous research, the current study suggests that NAMPT regulates cellular permeability by mediating intercellular and cell-extracellular matrix adherens.
NAMPT promotes acute lung injury through regulating inflammation and cellular permeability, while MAPK signaling may also be involved in this process (18) . MAPK signaling includes the ERK, p38 MAPK and JNK pathways, and serves an important role in cell inflammation, apoptosis, proliferation and differentiation. MAPK signaling is activated by post-translational phosphorylation mediated by various kinases (11, 12) . Studies have shown that p38 MAPK and ERK pathways participate in the inflammation of endothelial cells, while JNK pathway does not function in this process (27) . In pig lungs following CPB, ERK and p38 MAPK were detected to be significantly activated (28) . Furthermore, in reperfused rat lungs, the phosphorylation of p38 MAPK and ERK was also upregulated (13) . Our previous study demonstrated that p38 MAPK was activated in rat lungs following CPB and that the inhibitor of p38 MAPK restrained CPB-triggered inflammation (14) . Therefore, MAPK signaling serves an important role in acute lung injury and the associated inflammation. In addition, MAPK signaling also regulates the cellular permeability of pulmonary endothelial cells (29, 30 ). Phosphorylated p38 MAPK was able to activate heat shock protein 27 in order to regulate the cellular permeability of rat pulmonary microvascular endothelial cells (31) . p38 MAPK also regulated TGF-β-mediated MLC phosphorylation to affect permeability of endothelial cells (32) . During vascular endothelial growth factor-induced cellular permeability changes, ERK was identified as an important regulator (33) . Although NAMPT promoted inflammation in human pulmonary microvascular endothelial cells, inhibition of MAPK blocked NAMPT function, suggesting that NAMPT may regulate inflammation via MAPK signaling (34) . These studies indicated that NAMPT-mediated lung injury may depend on MAPK signaling.
In the present study, it was observed that A-R significantly induced the expression of NAMPT and the phosphorylation of p38 MAPK and ERK in HUVECs. When NAMPT was depleted by siRNA transfection, the phosphorylation levels decreased. Clearly, NAMPT controls the A-R-induced activation of MAPK signaling. Combined with previous research, it can be concluded that NAMPT promotes A-R-induced inflammation and cellular permeability through MAPK signaling. The current study indicates that NAMPT may be a potential drug target for CPB-triggered acute injury of endothelial cells.
